Abstract -There has been renewed interest in developing alternatives to CdCl2 activation, a critical but expensive step in CdTe manufacturing. A common element among the alternative agents that have been explored is chlorine, which facilitates recrystallization, passivates grain boundaries, and leads to enhanced efficiency. In this paper we present an evaluation of molecular chlorine (Cl2) for CdTe activation. The broad process space was first screened by evaluating the change in the (111) texture coefficient. It is shown that recrystallization occurs quite quickly (~1 minute), and the required concentration of Cl2 is quite low (<100 ppm). Devices fabricated at promising conditions displayed good rectification with device efficiency's >11%.
I. INTRODUCTION
A critical step in CdTe solar cell production is its activation through exposure to CdCl2. This process results in recrystallization, grain growth, and interdiffusion with the CdS window layer [1, 2] . It has been shown that during this process Cl rapidly diffuses through the film, preferentially accumulating in the CdS window layer and decorating CdTe grain boundaries [3, 4] . The original process involved exposing CdTe to a CdCl2 solution through either immersion or spray application, followed by subsequent annealing at T ~ 400 ºC [5] . Early industrial practitioners realized the limitations of solution processing and moved to vapor phase exposure via CdCl2 sublimation [6] . CdCl2 activation is capex intensive and has been described as the "the most intricate process in manufacturing" [7] . It would be desirable to simplify this aspect of CdTe manufacturing Due to the complications described there has been a long history of exploring alternative to CdCl2 which include HCl [8] , chlorofluorocarbons [9, 10] , and more recently non-toxic salts such as MgCl2 [11, 12] . The common element among these reagents is chlorine, and in fact there is one report describing the use of Cl2 directly [6] . In that study Cl2 diluted in N2 was used, and it was found that the resulting films were highly non-uniform due to etching, though isolated devices with efficiency in the range of 9-10% were reported. Little information was provided on the conditions explored but the authors concluded that Cl2 was a viable candidate to fulfill standard production requirements such as yield, throughput and safety, but further optimization is required [6] . In this work we report our preliminary results to address this goal. XRD texture coefficient analysis [12] is used to first screen the large process space, and then promising conditions are used for device fabrication and compared with those produced by standard CdCl2 activation.
II. EXPERIMENTAL
CdTe solar cells were fabricated on commercial fluorinedoped tin oxide coated glass superstrates (TEC-15). The standard device architecture consisted of 150 nm of evaporated CdS, ~4 microns of CdTe deposited by vapor transport deposition, and an RTP-activated back contact that employed a Cu-doped ZnTe buffer layer and gold metallization of 0.079 cm 2 pads [13] . The standard activation process employed exposure to CdCl2 vapor in a close spaced sublimation geometry in a tube furnace at 400 ºC for 30 min using a 50%-50% O2/N2 ambient. Cl2-activation was carried out in a quartz tube (50 x 610 mm) furnace initially evacuated by a mechanical pump. Small amounts (1-5 sccm) of a 3% (v/v) mixture of Cl2 in Ar were further diluted with a mixture of N2 and O2. For each experimental trial, the total flowrate of N2 and O2 was maintained at 800 sccm, regardless the partial pressure of each component. All gasses were delivered using electronic mass flow controllers, and for each treatment the tube furnace was maintained at 600 Torr using a throttling valve. The sample was heated to the desired setpoint with only O2 and/or N2 flowing. The duration of the experiment is based on the time Cl2 was flowing through the system. The experimental conditions examined were Cl2/Ar flowrate (0.5 -5 sccm), temperature (375 -420 ºC), oxygen concentration (0 -25 %), and treatment time (0 -10 min). X-ray diffraction (XRD) measurements were taken from = 20 -80° using Cu tion (Rigaku). Devices were scribed and solar cell performance was measured under simulated AM1.5 radiation using a commercial tool (PV Measurements) and external quantum efficiency (EQE) was measured on a custom system. Both were calibrated using a certified silicon standard.
III. RESULTS AND DISCUSSION
A well-known consequence of CdCl2 activation is CdTe recrystallization [1] , which was quantified using XRD texture analysis [12] . Equation (1) was used to quantify the (111) texture coefficient (TC) (1) where I and Io are the experimental and powder pattern intensities, respectively. JCPDS no. 15-0770 was the reference pattern used. A TC value of one indicates that a film has completely randomly oriented grains. Values greater than unity indicate preferential texturing in that orientation, while values <1 indicate texturing in another direction. Asdeposited CdTe is textured in the (111) orientation with a TC value of 5-6, and this value is reduced below unity after CdCl2 activation. Since recrystallization is necessary (but perhaps not sufficient) for high performance, this parameter was used to efficiently screen the process window without the need to complete full device fabrication.
The first parameter evaluated was temperature, with other parameters fixed at t = 10 minutes, 5 sccm Cl2/Ar, and 25% O2. Figure 1a displays raw XRD and 1b shows the resulting TC(111). The recrystallization process is highly activated, with partial recrystallization observed at T< 400 ºC, while films proce displayed TC(111) values very similar to conventional CdCl2. Interestingly the threshold temperature of 400 ºC is near that reported most commonly for both standard CdCl2 and other alternatives, suggesting that this value is primarily a function of CdTe itself and not the specific activation agent employed. Based on these results the temperature was set to 400 ºC for further screening. The second parameter evaluated was the Cl2 flowrate and the results are shown in Figure 2 with parameters held at T = 400 ºC, 25 % O2, and 10 min. It is found that insignificant recrystallization is obtained at 0.5 sccm, but at higher values the TC was similar to standard CdCl2. Note that control of flowrates at values < 1 sccm were questionable as it approached the limits of the instrument. Coincidently, at 1 sccm the Cl2 partial pressure in the reactor was 22.5 mTorr, very comparable to the vapor pressure of CdCl2 at 400 ºC (~12 mTorr). So similar to temperature, there may be a threshold level of chlorine availability that is independent of the source of chlorine used.
. Based on these encouraging results a series of devices were fabricated as a function of Cl2/Ar flowrate. Representative J-V curves and box plots summarizing device efficiency are shown in Figure 3 . The performance of 10 devices from an individual sample were used to calculate the boxplot parameters for each flowrate, where the red line is the median efficiency, the blue lines represent the 25 % and 75 % quantiles, the black horizontal lines show the range of the set, and red crosses are statistical outliers. Device efficiency declines monotonically from 8 to 3% as the Cl2 flowrate was increased from 1 to 5 sccm (Fig. 3b) . Device uniformity is also reduced. Inspection of the JV curves reveals that there are declines in all secondary parameters, but the most prominent decline is in the open circuit voltage (Voc) which drops from 694 to 368 mV. There is also a ~15% decline in the short circuit current density (Jsc) over the range explored. These results clearly indicate that Cl2 is being provided in excess. Further reductions in the Cl2 density could not be achieved with the current experimental facilities, but work is underway to extend the range. The Cl2/Ar flowrate was set 1.5 sccm for the remainder of the work presented here. As shown in Figure 3 1 sccm appeared to be the optimum, but there was not a significant difference between 1 and 2 sccm. Since 1 sccm was near the limit of the MFCs, the slightly higher value of 1.5sccm was used in subsequent experiments to ensure run to run reproducibility.
To further reduce the degree of Cl2 exposure we reduced the treatment time from 10 down to 0.5 minutes. Figure 4 plots the texture coefficient as a function of time. The recrystallization process was observed to occur very quickly. Complete recrystallization is observed in as short as 1 minute under these conditions. Note that the residence time in the reactor is ~0.5 minutes, and Figure 4 plots the [Cl2] density in the reactor assuming a well-mixed system. So although negligible recrystallization was observed at t = 0.5 minutes, the Cl2 concentration in the reactor was well below steady state levels as seen in Figure 4 . For the remaining runs the exposure time was fixed at t = 2 minutes, the minimum required to establish steady state conditions in the reactor.
A critical parameter is standard CdCl2 activation is the oxygen content in the ambient. Although Komin et al. [14] found that the presence of oxygen during CdCl2 activation had no impact on defect structure, in general it has been reported that O2 is both necessary and beneficial for optimal device performance [15, 16] . At CSM our standard CdCl2 activation is optimal at 50% O2, and we obtain poor device performance when no oxygen present during this step. In stark contrast, it was found with the Cl2 activation process that the presence of oxygen was detrimental. Figure 5 plots the texture coefficient as a function of oxygen content, and from this graph it appears that the presence of oxygen has a negligible impact on the recrystallization process.
However, as shown in Figure 6 the presence of oxygen did affect efficiency. Much like Cl2 exposure device efficiency improved as the amount of oxygen was reduced, with best performance being obtained under pure N2 flow. As shown in Fig. 6a as oxygen is added to the ambient the Voc decreases while the remaining parameters remain largely unchanged until 25%, where there is also a significant decrease in the Jsc value. This suggests that one possible role of O2 during conventional CdCl2 treatment is to oxidize the cadmium that is released upon CdCl2 decomposition, as this is the only chemical difference between the two processes. To summarize, at this point we have identified that a threshold temperature of T = 400 ºC is required to induce full recrystallization. At this temperature the process is very fast (~1 minute) and the presence of oxygen has no impact on recrystallization. Preliminary device studies showed that best performance was achieved in the absence of oxygen using the minimum degree of Cl2 exposure that may be reliably delivered in our current apparatus. In our experience the conventional CdCl2 process is most sensitive to temperature. At 5 ºC below the optimum film performance declines substantially while 5 ºC above often results in delamination of the absorber. As such we revisited the impact of temperature in the absence of oxygen at the lowest reliable Cl2 exposure (t = 2 minutes, 1.5 sccm).
A significant potential benefit of Cl2 activation over alternatives like CdCl2 or MgCl2 is latitude with respect to process temperature. With typical treatments the process temperature and exposure are tightly coupled by the vapor pressure. In the case of a gas phase sources such as Cl2 the degree of exposure and process temperature are completely . Figure 7 . Device efficiency as a function of process temperature using 1.5 sccm Cl2/Ar, 0% O2, and a treatment time of 2 min. decoupled, providing new opportunities for process optimization. Figure 7 compares the device efficiency obtained by Cl2 activation as a function of process temperature with devices made under identical conditions using conventional CdCl2 activation at T = 400 ºC. In the case of Cl2 activation device efficiency was essentially constant or possibly slightly improved as the temperature was increased from T = 400 to 415 ºC. Note that no delamination was observed over this range of conditions, showing that the Cl2 activation offers greater process latitude. In addition, under these conditions it was observed that Cl2 activation provided better uniformity within a sample, better run to run reproducibility, and less residual deposition than standard CdCl2 activation.
Despite the benefits at this point the efficiency of devices processed with the standard CdCl2 activation exceed those activated by molecular chlorine. To better understand the difference between the two processes we analyzed the resulting devices using capacitance-voltage (CV) profiling and external quantum efficiency (EQE). Figure 8a plots the carrier concentration as a function of depletion depth. Both Cl2 and CdCl2-activated devices display the U-shaped curve characteristic of CdTe solar cells, with similar carrier concentrations on the order of ~10 14 /cm 3 . In contrast, significant difference were observed in the EQE spectra (Fig.  8b) . The response of the Cl2 devices activated at 400 and 405 ºC were nominally identical, consistent with the JV data. Note that integration of the EQE spectra was in good quantitative agreement with Jsc values. The EQE behavior at the band edge was nominally identical. The principle difference observed was in the CdTe collection region between 550-800 nm, where the EQE of CdCl2 devices was ~10% greater than Cl2 activated devices. This suggests that at present Cl2 activation introduces a significant density of defects that increase bulk recombination relative to the standard CdCl2 activation. There are also subtle differences in the blue region. In the case of Cl2 activation the CdS band edge is quite sharp relative to the CdCl2 device. This suggests that the degree of CdS-CdTe interdiffusion was reduced in the former. This is perhaps unsurprising as the duration of Cl2 activation was just two minutes relative to the 30 minutes used for standard CdCl2. So while process like CdTe recrystallization may be quite fast, other potentially important processes like interdiffusion may require additional time.
Finally Figure 9 compares the J-V curves of our best Cl2 activated device (11.6%) with a baseline CdCl2 device (14.5% ). An open circuit voltage of 802 mV, a short circuit current of 21.7 mA cm -2 , and a fill factor of 66.4 % was measured for the 11.6 % device. This is the highest efficiency reported to date for this Cl2 activation, and much higher than several other recently explored alternatives including NH4Cl, HCl, NaCl, KCl, and MnCl2 [12] . It was processed with 1.5 sccm Cl2/Ar, T = 415 ºC, 800 sccm N2, and for 2 min. The results are encouraging as the Cl2-activated devices display good rectifying behavior and efficiency significantly exceeds previous reports [6] . In addition, we note that under optimal conditions the films are very uniform after Cl2 activation, reflecting the precision and control of gas-phase delivery. Relative to CdCl2 activation device variation is reduced and run to run reproducibility is improved significantly. Fig. 9 . Comparison of J-V curves obtained using standard CdCl2 activation and molecular Cl2 activation.
IV. CONCLUSIONS
Molecular chlorine was evaluated as an alternative to CdCl2 for post-deposition activation of CdTe solar cells. Several similarities as well as a number of important difference are observed. The process phase space was first screened by using the XRD texture coefficient. It was found that at or above the threshold temperature of 400 ºC, recrystallization occurs very quickly. In stark contrast to conventional CdCl2 it was found that oxygen is detrimental, with best device results obtained using Cl2/N2 ambient. Within the parameter space examined it was found that device performance improved as the Cl2 exposure was reduced. Best device performance was obtained using the minimum Cl2 exposure that could be reliably delivered in our present system, yielding several devices were fabricated with >11 % efficiency and Voc > 800 mV. It was shown that Cl2 was equally effective to CdCl2 at generating carriers as their C-V profiles were nominally. The Cl2-activated devices were somewhat inferior in both current collection and open circuit voltage. EQE analysis revealed that the primary deficiency was excessive recombination within bulk CdTe, suggesting that Cl2 introduces defects into this region. In addition, it suggests that the degree of CdSCdTe interdiffusion is somewhat attenuated relative to conventional CdCl2 treated devices. In terms of both uniformity and run to run reproducibility Cl2 activation was superior, reflecting the improved control provided by the (b) gaseous source. These results indicate that Cl2 has promise as an alternative to CdCl2. Experiments with further diluted Cl2 are currently underway to further improve upon these results.
